Background: Lung cancer remains a major global health problem, which causes millions of deaths annually. Because the prognosis is mainly determined by the stage of lung cancer, precise early diagnosis is of great significance to improve the survival and prognosis. Circulating tumor DNA (ctDNA) has been recognized as a sensitive and specific biomarker for the detection of early-and late-stage lung cancer, and next-generation sequencing (NGS) of ctDNA has been accepted as a noninvasive tool for early identification and monitoring of cancer mutations. This study aimed to assess the value of NGS-based ctDNA analysis in detecting gene mutations in lung cancer patients. Methods: A total of 101 subjects with pathological diagnosis of lung cancer were enrolled, and blood samples were collected. ctDNA samples were prepared and subjected to NGS assays. Results: There were 31 cases harboring 40 gene mutations, and EGFR was the most frequently mutated gene (27.72%). In addition, there were seven cases with double mutations and one case with triple mutations, with EGFR p.T790M mutation exhibiting the highest frequency. Conclusion: Our findings demonstrate that NGS of ctDNA is effective in detecting gene mutations in lung cancer patients, and may be used as a liquid biopsy for lung cancer, which facilitates the development of precision treatment regimens for lung cancer.
Introduction
Lung cancer, a malignancy characterized by uncontrolled cell growth in the lung, is a major health problem across the world. 1, 2 Currently, lung cancer is the most common malignancy and the leading cause of cancer-related deaths worldwide. 3 According to the World Cancer Report 2014, 4 there were 1.8 million patients diagnosed with lung cancer and 1.6 million deaths due to this malignancy worldwide in 2012. 5 More importantly, the number of lung cancer cases is projected to be 6 million and the number of lung cancer deaths is expected to grow up to 3 million worldwide in 2035. 6 Currently, the management of lung cancer mainly includes surgery, chemotherapy, and radiotherapy, 7 and targeted therapy has shown to be effective in increasing the survival. [8] [9] [10] Although great advances have been achieved in these treatments, the long-term outcomes of lung cancer, which depend on the type and stage of the cancer and personal health status, remain unsatisfactory. 11 The overall 5-year survival rate is estimated to be 18%-50% for stage I and II lung cancer patients, and 1%-19% for stage III and IV patients. 12, 13 Precise early diagnosis is therefore of great significance to improve the survival and prognosis of lung cancer.
To date, biopsy remains the gold standard for the diagnosis of lung cancer, while X-ray and computed tomography scan show great values in the screening of the malignancy. 15 In the current-omics era, the multi-omics platforms have identified increasing numbers of potential biomarkers in the blood, urine, bronchial, saliva, and sputum specimens for the diagnosis of lung cancer; 16, 17 however, few have been applied in clinical settings. 18 Circulating tumor DNA (ctDNA), which is composed of small fragments of nucleic acid that is not associated with cells or cell fragments, is found to come from tumor genome and carries tumor-specific genomic mutations. 19 It has been proved that ctDNA is a sensitive and specific biomarker for the detection of early-and late-stage human malignancies including lung cancer, and can be used to monitor treatment response and detect acquired resistance to chemotherapy. [20] [21] [22] In addition, the next-generation sequencing (NGS) of ctDNA has been accepted as a noninvasive tool for early identification and monitoring of cancer mutations. [23] [24] [25] The major purpose of this study was to assess the value of NGS-based ctDNA in detecting gene mutations in lung cancer patients.
Materials and methods
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Study subjects
Lung cancer patients admitted to the Department of Oncology, Fujian Medical University Union Hospital (Fuzhou, People's Republic of China), during the period from January 2016 through December 2017, were recruited, and all diagnoses were confirmed with pathological examinations by an independent experienced pathologist. The inclusion criteria included 1) histological diagnosis of lung cancer, 2) availability of demographic and clinical data, 3) availability of blood samples for genomic analyses, and 4) provision of signed informed consent. Patients with benign lung tumors or other malignancies were excluded from the study.
Blood samples, ctDna extraction, and nGS analysis
Blood samples were collected from each lung cancer patient, transferred to EDTA-coated tubes (BD Biosciences, San Jose, CA, USA), and immediately centrifuged at 1,200× g at 4°C for 10 minutes. The supernatant was collected, transferred to 1.5 mL sterile Eppendorf tubes (Eppendorf, Hamburg, Germany), and centrifuged at 10,000× g at 4°C for 10 minutes. The prepared plasma samples (supernatant) were immediately used for ctDNA extraction or stored at -80°C for the subsequent experiments.
Genomic DNA was extracted from blood samples using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. DNA concentration was quantified with a Qubit ® dsDNA HS Assay Kit on a Qubit ® Fluorometer (Life Technologies, Carlsbad, CA, USA), and DNA quality (A 260 /A 280 ratio of 1.8-2.0) was measured with a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). ctDNA sample was prepared, and end repair and size selection were performed according to the fragment size, followed by end adenylation. 26 Multiple indexing adapters were ligated to the ends of the DNA fragments, and DNA fragments with specific adapters were used to construct the library. Following library construction, the library concentration was quantified using a Qubit ® 2.0 Fluorometer (Life Technologies) according to the manufacturer's instructions. The insert size of the library was detected on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA), and the effective concentration of the library was accurately quantified.
The capture chips, designed by GeneOne Technology, Inc. (Shanghai, People's Republic of China), were used for hybrid capture of DNA samples, and effective DNA was enriched and submitted to the Illumina NextSeq™ 500 Sequencing System (Illumina, Inc., San Diego, CA, USA), which allows high-throughput paired-end sequencing (sequencing metrics: pair-end 150 bp) based on the effective concentration of the library and the data output requirements.
The sequencing data were mapped to the human genome reference sequences (Hg19) 27 using BWA aligner. 28 Local alignment optimization and variant calling were made by VarScan 2. 29 Annotation of mutations was performed using the ANNOVAR software with dbSNP 30 and other standard databases based on our self-designed platform.
Statistical analysis
All data were managed using Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA), and all statistical analyses were performed using the software SPSS version 22.0 (IBM Corporation, Armonk, NY, USA). 
Results
Patients' characteristics
A total of 101 eligible lung cancer patients were finally enrolled in the study. The subjects included 58 men and 43 women, and had a median age of 61 years (range, 35-78 years). Histological examinations revealed squamous cell carcinoma in 26 cases, adenocarcinoma in 66 cases, and small-cell carcinoma in nine cases. Table 1 shows the demographic and clinical characteristics of the study subjects.
Characterization of nGS
Capture sequencing was used to analyze ctDNA to identify genetic mutations in each sample. Sequencing yielded a mean size of 55 Mb after filtering low-quality reads, and more than 80% of the bases had a Phred quality score of greater than 20 (error rate less than 1%) in all cases. We achieved a mean sequencing depth of 3789 (1484-9804)×.
Spectrum of gene mutations in lung cancer
Of all the plasma specimens, there were 31 specimens harboring known somatic mutations, and EGFR was the most frequently mutated gene (27.72%, 28/101). Among the 66 cases with lung adenocarcinoma, there were 22, 1, and 1 cases harboring EGFR, KRAS, and ALK mutations, respectively; among the 26 cases with lung squamous cell carcinoma, five cases were detected to harbor EGFR mutation and one case harbored NRAS mutation, while only one of the nine cases with small-cell lung carcinoma was found to harbor EGFR mutation (Table 2 ). In addition, EGFR mutation was found to occur in exon 19 (n=18), exon 20 (n=6), and exon 21 (n=11).
ctDna nGS detects multiple mutations in lung cancer
Of the 101 lung cancer patients included in this study, there were eight cases (7.92%) harboring more than one clinically actionable genetic alternation, including seven cases with double mutations and one case with triple mutations (Table 3 ). EGFR p.T790M mutation exhibited the highest frequency, followed by EGFR p.E746_A750delELREA and EGFR p.L747_T751delLREAT mutations. In addition, a case was detected to harbor double ALK mutations (p.F1174C and p.G1269A).
Discussion
Currently, there are multiple approaches used to detect ctDNA. 31 The conventional pyrosequencing and Sanger sequencing are the earliest tools developed to detect ctDNA; however, these two techniques suffer from problems, such as low sensitivity and failure to detect low amounts of DNA in blood samples, and are therefore not feasible for liquid biopsy. 31 Digital PCR (dPCR) and amplification refractory mutation system-PCR are the most widely used assays to detect ctDNA, and these assays have shown high sensitivities and are of low costs; however, dPCR-based assays cannot be used for high-throughput detection and identification of unknown mutations. 32 A search for ctDNA detection techniques with a high sensitivity, a high accuracy, a high-throughput processing ability, and a low cost is therefore urgently needed.
NGS, also known as massive parallel sequencing, has been recently developed, which allows simultaneous sequencing of millions of DNA fragments without previous sequence knowledge. 33 NGS enables the detection of multiple alterations in a single test simultaneously, which has revolutionized the field of molecular diagnostics. 34 In addition, NGS-based hybrid capture assays not only allow the identification of hotspot mutations but also allow the assessment of unknown alterations. 35 During the past decade, great advances have been made leading to improvement in reliability, sequencing chemistry, pipeline analyses, data interpretation, and costs which in turn have made NGS feasible in clinical practice today, notably in oncology. 
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The present study examined the possibility of using a targeted sequencing approach to identify gene mutations in plasma ctDNA of lung cancer patients. Here, we targeted ctDNA using a 66-gene panel to detect gene mutations in lung cancer. The overall rate of EGFR mutation was 27.72% in the study subjects. In addition, the rate of EGFR mutation was detected to be higher in lung adenocarcinoma than in lung squamous cell carcinoma, which was in agreement with previous studies. 37 It has been shown that the highest rate of EGFR mutation is 21.9%-36% in lung cancer, [38] [39] [40] and more than 60% of non-small-cell lung carcinomas (NSCLCs) express EGFR. 41 EGFR has, therefore, been identified as an important anticancer therapeutic target. 42 More importantly, tyrosine kinase inhibitors (TKIs) are especially effective in cancer patients harboring activating EGFR mutations. 43 Previous studies have demonstrated that EGFR-TKIs are the standard treatment for advanced NSCLC, and identification of EGFR mutation is a standard procedure during the treatment of advanced NSCLC patients. [44] [45] [46] In this study, NGS-based ctDNA analysis revealed that EGFR mutation predominantly occurred in exons 19 and 21, and these mutations are the target sites of the first-generation EGFR-TKI gefitinib and erlotinib.
47 T790M mutation was detected in six patients, and all exhibited complex EGFR mutations, which may be explained by the following two reasons: 1) Four out of six of them received EGFR-TKI treatment, and therefore, T790M mutation may have conferred the acquired EGFR-TKI resistance in these four cases. 48 2) Our data may not reflect the real status of the overall population due to the inadequate sample size. In addition, a case was detected harboring both L858R and exon 19 deletion mutations in the EGFR gene, which is rarely detected. Analysis of somatic genetic alterations in a set of 119 primary NSCLCs from Japan and the USA revealed multiple mutations in the EGFR gene; 49 however, in this study, unfortunately, no novel EGFR mutations were identified. NRAS, KRAS, and ALK mutations have been proved to be involved in the acquired resistance to TKIs in lung cancer, 50, 51 and KRAS mutation is the second most frequently mutated drug target gene in lung cancer. 52 It is reported that KRAS has a mutation rate of 6.7%-13.5% in adenocarcinoma. 52 In our study, there was only one case detected with KRAS mutation. The frequency of NRAS mutation was less than that of KRAS mutation, 53 and a case was 
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next-generation sequencing of circulating tumor Dna for detection identified with NRAS mutation in this study. To date, several different point mutations in the ALK tyrosine kinase domain have been found in patients with acquired resistance to the ALK-TKI crizotinib. 54 In the present study, two cases were detected harboring ALK mutations.
Multigene mutation is common in the cases of lung cancer. 55 The frequency of double mutations, notably singlegene double mutations, is reported to be 3.13%-8.33% in lung cancer. 55 In this study, we found that all multiple mutations occurred in a single gene, and the most frequent mutations were EGFR 19 exon deletion and T790M mutations. It has been shown that EGFR 19 exon deletion mutation and L858R mutation are the target sites of the first-generation EGFR-TKIs, and EGFR p.T190M mutation is involved in resistance to the first-generation EGFR-TKIs. 47 In the current study, the seven cases harboring double EGFR mutations had rapid clinical progression, of which six were detected with EGFR-TKI resistance mutations.
The present study had some limitations. Firstly, only a total of 101 subjects were enrolled in this study, which represents a small sample size. Further studies with a much larger sample size are required to evaluate the potential of ctDNA-based NGS assay as a valuable tool for diagnosis and treatment of lung cancer. Secondly, it is reported that the gene mutations associated with lung cancer may vary with respect to ethnicity, race, culture, and geographic regions. 49, 56 Due to the small sample size, subgroup analyses were not conducted to investigate gene mutations in lung cancer patients with different ethnic and geographic backgrounds.
In summary, the results of the present study demonstrate that ctDNA panel sequencing can be used for lung cancer gene mutation identification, which highlights the potential to use peripheral blood samples as noninvasive biopsy specimens for lung cancer. More importantly, our findings may facilitate the development of precision treatment regimens for lung cancer.
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